ABSTRACT: Atomistic molecular dynamics simulations have been performed to investigate volumetric quantities and dynamic properties of binary trihexyltetradecylphosphonium bis(oxalato)-borate ([P 6,6,6,14 ][BOB]) ionic liquid (IL)/water mixtures with different water concentrations. The predicted liquid densities for typical [P 6,6,6,14 ][BOB] IL/water mixtures are consistent with available experimental data with a relative discrepancy of less than 3%. The liquid densities and excess molar volumes of all studied [P 6,6,6,14 ][BOB] IL/water mixtures are characterized by concave and convex features, respectively, within full water concentration range. The dynamic properties of [P 6,6,6,14 ] cations, [BOB] anions, and water molecules are particularly analyzed through calculation of velocity autocorrelation functions, diffusion coefficients, and reorientational autocorrelation functions and correlation times. The translational and reorientational mobilities of three species become faster upon increasing water concentration in [P 6,6,6,14 ][BOB] IL/water mixtures and present complex dynamical characteristics arising from three distinct microscopic diffusion features within the full water concentration range. The obtained striking volumetric quantities and particular dynamic properties are well correlated to microscopic liquid structural organization and distinct local ionic environment of all studied [P 6,6,6,14 ][BOB] IL/water mixtures.
■ INTRODUCTION
Room temperature ionic liquids (ILs) employed as attractive and recyclable solvents with tunable physicochemical properties have been and are extensively studied in laboratory frameworks and in industrial communities. 1−5 During synthesis of suitable novel task-specific ILs to meet specific requirements, the presence of impurities in IL samples can strongly influence their physicochemical properties. This has motivated a significant number of theoretical and experimental studies concerning the intrinsic interplay between ionic species and impurities. 6−23 Water is one of the most common "impurities" in IL samples due to ILs' intrinsic hygroscopic nature. Even those featuring hydrophobic ions can absorb significant amounts of water from the atmosphere. 9,10,14,16−18,20−30 It has been experimentally observed that small traces of water can dramatically change various physicochemical properties of ILs, such as liquid densities, 9, 14, 17, 18, 23, 31, 32 surface tensions, 6, 33 self-diffusion coefficients, 9 , 16, 17, 24, 26,34−39 viscosities and conductivities, 16−18,21,22,37,40−43 and reactivities of ionic species with respect to other solutes. 44−47 In some ILs, the addition of water molecules induces gelation and narrows the electrochemical window of IL samples, likely due to electrolysis of water molecules within IL/water mixtures. 48−50 Consequently, distinct discrepancies in results obtained from molecular simulations and experimental measurements are reported in the literature because of the presence of non-negligible water content in studied IL samples. 9, 17, 22, 32, 51, 52 The tetraalkylphosphonium orthoborate ILs are a special category of ILs consisting of voluminous tetraalkylphosphonium cations and (chelated) orthoborate anions. These ILs present additional advantages compared with nitrogen-based ILs and can be used as alternative high-performance lubricants and lubricant additives in tribology due to their outstanding friction reducing and antiwear performance in comparison with conventional fully formulated engine oil in tribological contacts with a wide variety of materials. 26, 53 A previous work indicates that water is an omnipresent contaminator found in typical trihexyltetradecylphosphonium orthoborate ILs. 26 The water content in freshly synthesized [P 6,6,6,14 ] [BOB] IL samples is 2.3−2.5 wt %, and the corresponding water mole fraction is quite close to 0.50. This amount of water is difficult to remove even after extensive purification. These residual water molecules in the [P 6, 6, 6, 14 ] [BOB] IL sample might disturb heterogeneous ionic microstructures in the [P 6, 6, 6, 14 ] [BOB] IL matrix and hence lead to significant changes in ILs' other physicochemical properties, such as ILs' liquid viscosities and rheological and tribochemical quantities that are intrinsically related to their usage as lubricants in mechanical systems. Therefore, a comprehensive understanding of delicate interactions between [P 6, 6, 6, 14 ] [BOB] ion pairs and non-negligible residual water molecules and of changes in physicochemical and microstructural properties that ILs experience upon addition of water molecules in IL samples at molecular level is essential, not only because water "impurity" is inevitably present in conventional and industrial tribological applications but also because it might provide a new opportunity to fine-tune ILs' tribochemical properties by introducing controlled amounts of solutes, like water or other small molecule solvents.
This study concerns peculiar physical properties of [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with different water concentrations. The first part of this study was concentrated on microscopic liquid structural organization and the local ionic environment of [P 6,6,6,14 ] [BOB] IL/water mixtures. 54 Four distinct compositional regimes were identified to characterize the evolution of microscopic ionic structures of [P 6,6,6,14 ] [BOB] IL/water mixtures within the whole water concentration range. With a gradual increase of the water concentration, the local ionic environment and microstructures of [P 6,6,6,14 ] [BOB] IL/ water mixtures are characterized by solute-shared ion pairs through cation−water−anion complexes, solute-mediated ion pairs through multiple complexes, interpenetrating polar and apolar networks, and eventually loose micelle-like aggregates in a highly branched water network, as clearly shown in Figure 1 .
Such a striking structural evolution in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures is rationalized by a competition between favorable hydrogen-bonding interactions and strong electrostatic interactions between central polar segments in ionic species and by persistent dispersion interactions between hydrophobic alkyl chains of [P 6,6,6,14 ] cations. This work follows our previous investigation and concerns the influence of water concentration and heterogeneous microscopic liquid environments on volumetric quantities and dynamic properties of [P 6, 6, 6, 14 ] [BOB] IL/water mixtures. Atomistic simulation results of volumetric quantities described by liquid densities and excess molar volumes, and of dynamic properties characterized by typical velocity and reorientational autocorrelation functions, translational diffusion coefficients, and reorientation correlation times of representative vectors fixed in three molecular frameworks, have been systematically investigated and are discussed in detail. It is identified that dynamic properties of three species in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures are quite complex and are characterized by distinct dynamical heterogeneity arising from three representative microscopic diffusion features, attributed directly to distinct spatial structural heterogeneity of [P 6,6,6,14 ] [BOB] IL/water mixtures.
■ COMPUTATIONAL AND EXPERIMENTAL

METHODS
Atomistic models of the [P 6, 6, 6, 14 ] cation, [BOB] anion, and the adopted SPC/E water molecule are shown in Figure 1 . The detailed simulation system compositions of all studied [P 6, 6, 6, 14 ] [BOB] IL/water mixtures were presented in a previous part of this study. 54 Atomistic molecular dynamics simulations were performed using the M.Dynamix package 55 with standard periodic boundary conditions. The equations of motion were integrated using the Tuckerman−Berne double time step algorithm 56 with short and long time steps of 0.2 and 2.0 fs, respectively. The short time step was used for integrating over fast intramolecular vibrations and nonbonded interactions within 0.5 nm distance, whereas the long time step was used for integrating over van der Waals and electrostatic interactions, as well as dihedral angle motions, within a cutoff distance of 1.5 nm. The electrostatic interactions between atom-centered point charges were treated using the standard Ewald summation method. All simulation systems were equilibrated for 40 ns in an isothermal−isobaric ensemble maintained using a Nose− Hoover thermostat at 333 K and barostat at 1 atm with time coupling constants of 500 and 100 fs, respectively. Further 60 ns canonical ensemble simulations were performed, and simulation trajectories were recorded at a time interval of 100 fs for statistical analysis.
The experimentally studied [P 6, 6, 6, 14 ] [BOB] IL samples were synthesized using a slightly modified method with respect to a previous work. 26 An Anton-Paar DMA 4100 M density meter was used to determine liquid density of these synthesized [P 6, 6, 6, 14 ] [BOB] IL samples in a temperature range 293−373 K.
■ VOLUMETRIC QUANTITIES
Liquid Density. Volumetric quantities, such as liquid densities and excess molar volumes, of binary mixtures are complex properties because they depend not only on molecular sizes and shapes, and the nature of chemical components in binary mixtures, but also on peculiar solute−solute, solute− solvent, and solvent−solvent interactions, and on structural effects arising from interstitial accommodation due to delicate differences in molar volumes and free volumes between solution components. All these properties are particularly relevant to mixtures consisting of strongly hydrogen-bonded water molecules and IL compounds held together by strong Coulombic forces. In the current work, liquid densities of the neat [P 6, 6, 6, 14 ] [BOB] IL sample and its water mixtures within the whole water concentration range are first determined from atomistic simulations and the corresponding results are presented in Figure 2 . The predicted liquid densities of [P 6, 6, 6, 14 ] [BOB] IL/water mixtures exhibit a concave feature within the full water concentration range, where the minimum of this concave curve corresponds to an IL/water mixture with a water mole fraction of x water = 0.50. It is notable that such a simulation system composition corresponds to a [P 6, 6, 6, 14 ] [BOB] IL/water mixture with a water content of approximately 2.60 wt %. The atomistic simulations overestimate liquid densities of these [P 6, 6, 6, 14 ] [BOB] IL/water mixtures by approximately 3%, as compared with experimental densities of two representative [P 6, 6, 6, 14 ] [BOB] IL samples with water contents of 0.06 and 2.30−2.50 wt %, 26 respectively. It is noteworthy that such a density overestimation is also observed for these two representative [P 6, 6, 6, 14 ] [BOB] IL samples at different temperatures, as shown in the inset of Figure 2 . Such a marginal discrepancy (≤3%) may be attributed either to uncertainties in experimental measurements or to defects in atomistic force field parameters used. Similar discrepancies in liquid density predictions are also observed in other tetraalkylphosphonium orthoborate ILs, as reported in our previous work. 52 The observed concave feature for liquid densities of [P 6,6,6,14 ] [BOB] IL/water mixtures is conceptually different from monotonically decreased liquid density trends noted for typical imidazolium-based and pyrrolidinium-based IL/water mixtures, 8, 9, 12, 17, 18, 21, 31, 32, 34 and to liquid densities characterized by convex features for [C 6 MIM]/[C 8 MIM]Cl IL/ water mixtures 57 and N-methyl-2-pyrrolidone/water mixtures 23 as the water concentration increases. This observation is rationalized by a distinct microscopic liquid structural transition in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures as the water concentration increases, as discussed in the first part of this work. 54 In [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with water mole fractions of x water < 0.50, most of the introduced water molecules are dispersed and associated with neighboring [P 6, 6, 6, 14 ] [BOB] ion pairs, leading to the local ionic environment characterized by solute-shared ion pairs through cation− water−anion complexes (panels a and b in Figure 1 ). An ideal condition is that one [P 6, 6, 6, 14 ] [BOB] ion pair shares one water molecule until there is a fully saturated distribution of water molecules in all cavities between neighboring [P 6, 6, 6, 14 ] [BOB] ion pairs, which exactly corresponds to a [P 6, 6, 6, 14 ] [BOB] IL/ water mixture with a water mole fraction of x water = 0.50. However, in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with water mole fractions of x water > 0.50, water molecules tend to aggregate and form large water clusters and chain-like water structures (panel c in Figure 1 ). These large water clusters are scattered in heterogeneous IL matrices, resulting in more compact local ionic environments. Meantime, these chain-like water structures serve as water "bridges" connecting more dispersed [BOB] anions, as well as mediating their relative distribution and orientation in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures, whereby these striking structures further considerably strengthen spatial correlations between ionic species as discussed in the first part of this work 54 concerning evolution of microscopic liquid structure and local ionic organization in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures as the water concentration increases. Both these factors contribute to an increase in liquid densities of [P 6,6,6,14 ] [BOB] IL/water mixtures as the water concentration increases.
Excess Molar Volume. In addition to liquid densities, the thermodynamic nonideality of binary mixtures can be illustrated by examining related excess thermodynamic properties. 8, 16, 18, 21, 32, 34 Herein, we probe excess molar volume changes upon mixing neat IL and neat water components at different ratios. The excess molar volumes of [P 6, 6, 6, 14 ] [BOB] IL/water mixtures are calculated from their respective liquid densities through the equation
12,17 V IL , V water , and V mix correspond to molar volumes of pure IL and pure water components and of [P 6, 6, 6, 14 ] [BOB] IL/water mixtures, respectively. The x IL and x water represent molar fractions of two pure components in the corresponding [P 6, 6, 6, 14 ] [BOB] IL/water mixtures. The quantity given in parentheses represents the molar volumes of ideal [P 6, 6, 6, 14 ] [BOB] IL/water mixtures.
The excess molar volume data V mix E of [P 6, 6, 6, 14 ] [BOB] IL/ water mixtures calculated from atomistic simulations at 333 K are shown in Figure 3 . The excess molar volumes are positive and exhibit a convex feature in the full water concentration range, indicating that [P 6, 6, 6, 14 ] [BOB] IL/water mixtures display a nonideal thermodynamic mixing behavior even at low water concentrations. It is estimated that a [P 6, 6, 6, 14 ] [BOB] IL/water mixture with a water mole fraction of 0.33 ≤ x water ≤ 0.50 has the largest excess molar volume, which is generally consistent with the observed concave liquid density trend shown in Figure  2 , as a very small deviation in liquid density calculation can result in a relatively large difference in excess molar volume. It is noteworthy that the maximum of this convex excess molar volume curve is approximately 2.5 cm 3 /mol, which is a little larger than typical excess molar volume maxima of binary IL/ water mixtures consisting of imidazolium cations, pyridinium cations, pyrrolidinium cations, piperidinium cations, morpholinium cations, and ammonium cations coupled with different anions. 59 It is well-known that the association trend of a binary mixture depends on intermolecular forces between two pure components and microscopic molecular packing structures. A The Journal of Physical Chemistry B Article positive excess molar volume is indicative of a weakening of self-association of the same type molecules, whereas a negative effect is suggested to be due to preferential association between solute and solvent molecules through particular intermolecular attractions that bring different species closer. In currently studied [P 6, 6, 6, 14 ] [BOB] IL/water mixtures, a significant positive excess molar volume indicates that the intrinsic ion−dipole interactions between water molecules and [P 6, 6, 6, 14 ] [BOB] ion pairs are slightly weaker than interactions between liquid molecules in their respective pure components. This is astonishing, as we have observed that water molecules are strongly and specifically associated with [P 6, 6, 6, 14 ] cations and [BOB] anions in microscopic ionic structural analysis due to their dual nature in hydrogen-bonding interactions. 54 A possible reason might be contributed to voluminous [P 6, 6, 6, 14 ] cation, which consists of two different parts: a relatively thin hydrophilic core including a central phosphorus atom and four directly connected methylene groups, and a thick hydrophobic shell consisting of the remaining part of four volume-occupying alkyl chains, and hence it presents amphiphilic surfactant-like characteristics in IL matrices. When a small amount of water is introduced into the [P 6, 6, 6, 14 ] [BOB] IL matrix, water molecules tend to be dispersed and fit into and expand cavities between direct contact [P 6, 6, 6, 14 ] [BOB] ion pairs, pushing hydrophobic alkyl chains together and leading to a slightly expanded simulation cell and thus to a decreased liquid density for [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with water mole fractions of x water < 0.50. Energetically speaking, this observation is rationalized by a competition between favorable hydrogenbonding interactions and strong electrostatic interactions between central polar segments in ionic species and by persistent dispersion interactions between hydrophobic alkyl chains of [P 6,6,6,14 ] cations, as we have discussed in microscopic structural analysis in the first part of this work. 54 The weakening of self-association behavior between ionic species and water molecules is a dominant feature for IL/water mixtures within the whole water concentration range, and it is obviously more important than molecular associations between ionic species and water molecules, as indicated from a generic character of positive excess molar volumes for other binary IL/ water mixtures consisting of imidazolium cations, pyridinium cations, pyrrolidinium cations, piperidinium cations, morpholinium cations, and ammonium cations coupled with different anions. 59 From a general point of view, but not limited to currently studied [P 6, 6, 6, 14 ] [BOB] IL/water mixtures, the striking volumetric quantities reflect a complex nature of competitive interactions between cationic/anionic species and water molecules. In IL-rich mixtures, the dissociation between cations and anions caused by dispersed water molecules contributes more to the overall excess molar volume changes than does the local association between ionic species and water molecules through strong electrostatic interactions and directional hydrogen-bonding interactions. At higher water concentrations, a weakening of intermolecular self-association of hydrogen-bonded water molecules tends to dominate the phase behavior of these IL/water mixtures due to the presence of bulky (voluminous) cations and polar anions. The synergistic weakening effect of this self-association behavior contributes to the overall positive excess molar volumes for representative binary IL/water mixtures within the whole water concentration range. 59 
■ DYNAMIC PROPERTIES
In addition to volumetric quantities and distinct microscopic ionic structures of [P 6, 6, 6, 14 Velocity Autocorrelation Function. The dynamical behavior and microscopic motion of three species in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures are first examined by calculating the normalized velocity autocorrelation function (VACF), Cv(t), of the center-of-mass (COM) of three species from recorded simulation trajectories. The normalized VACF is defined aŝ= The Journal of Physical Chemistry B Article 0.25 ps in water-concentrated mixtures. Upon further inspection of these VACF plots, it is observed that a considerable oscillatory feature is registered in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with less water, such as IL/water mixtures with water mole fractions of x water = 0.10 and 0.20. Such an interesting VACF tendency is rationalized by a highly heterogeneous distribution of water molecules in IL-rich mixtures, in which water molecules are dispersed and associated with neighboring [P 6, 6, 6, 14 ] [BOB] ion pairs, leading to the local ionic environments characterized by solute-shared ion pairs through cation-water−anion complexes. 54 In each simulation system, the mean collision time, estimated from the first zero values in the normalized VACFs, and the velocity randomization time, estimated from the normalized VACF tails oscillating around zero, of three species follow an order of [P 6, 6, 6, 14 60 In all studied [P 6, 6, 6, 14 ] [BOB] IL/water mixtures, the mean collision time, the minimum positions of these normalized VACF curves, and the velocity randomization time of three species gradually shift to longer times as the water concentration increases. All these simulation results indicate a gradual change of the local ionic coordination environment from IL-rich to waterconcentrated mixtures as more water molecules are introduced into [P 6, 6, 6, 14 ] [BOB] IL/water mixtures, akin to a distinct dynamic quantities of ionic species in binary mixtures consisting of imidazolium-based ILs and small molecule solvents (water, methanol, ethanol, etc.). 11, 20, 37, 38, 51, 61 Translational Diffusion. For a liquid or mixture under thermodynamic equilibrium conditions, the thermal agitation causes translational motion of liquid molecules, which is called self-diffusivity. 60, 62 From a molecular point of view, the selfdiffusivity of liquid molecules gives a detailed microscopic description of single-particle motion. In the present work, the single-particle dynamics of three species are further characterized by calculating their respective diffusion coefficients through integrating their respective normalized VACF plots using the Green−Kubo relationship. 60−62 Due to the overall dynamic sluggishness of the neat [P 6, 6, 6, 14 ] [BOB] IL sample and some IL-rich mixtures, it is necessary to carry out relatively long atomistic simulations to reach a true diffusive regime. Therefore, one can probe true diffusive behavior of three species in a reliable way because a too short simulation usually leads to an overestimation of diffusion coefficient. 9, 17, 43 From recorded simulation trajectories, we have verified that the dynamics of three species, either in a neat [P 6,6,6,14 ] [BOB] IL sample or in [P 6, 6, 6, 14 ] [BOB] IL/ water mixtures, become diffusive after 40 ns of simulation time in equilibrium simulations. In the meantime, diffusion coefficients of three species are also calculated from recorded simulation trajectories through the well-known Einstein formula based on mean square displacement. 11, 17, 32, 60 In general, diffusion coefficients estimated from normalized VACF plots are consistent with those fitted from mean square displacement curves, and hence only one set of diffusion coefficient data of three species at 333 K is shown in Figure 5 .
In each IL/water mixture, the translational mobilities of three species follow the order water molecules > [BOB] anions > [P 6, 6, 6, 14 ] cations, and the self-diffusivity of water molecules is always 1 or 2 orders of magnitude faster than that of [P 6,6,6,14 ] cations and [BOB] anions, respectively. Similar diffusion behavior has also been observed in classic atomistic simulations and related experimental nuclear magnetic resonance spectroscopic measurements of binary mixtures consisting of Additionally, the translational diffusion coefficients of three species, generally but not linearly, increase as the water concentration increases in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures. Concerning the translational mobilities of three species in all studied [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with different water mole fractions, and evolution of microscopic liquid structure and local ionic organization in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures discussed in the first part of this work, 54 we can note that the dynamic properties of three species are complex and arise from three distinct microscopic diffusion features within the whole water concentration range.
• [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with water mole fractions of x water ≤ 0.50. The diffusion coefficients of all three species exhibit an exponential increase as the water concentration increases in [P 6, 6, 6, 14 ] [BOB] IL/ water mixtures. This can be attributed to distinct microscopic liquid organization and the particular local ionic environment in these IL-rich mixtures, in which three species are preferentially coupled together through solute-shared ion pairs characterized by cation−water− anion complexes. The increased molecular mobilities of three species can be rationalized by a tendency that the dispersed smaller and lighter water molecules tend to displace much heavier counterions in the first coordination shell of the ions. The diffusion of water molecules in these IL-rich mixtures is somewhat similar to the mobilities of gas molecules (CO 2 , N 2 , etc.) in zeolite solid frameworks, although the cavities between neighboring ionic groups are not large enough as micropores or mesopores in zeolite solid frameworks.
64,65
• [P 6, 6, 6, 14 fractions of x water > 0.80. A rapid increase in diffusion coefficients of three species is observed in these waterconcentrated mixtures, attributed to a percolation of polar domains throughout the whole simulation system and formation of interpenetrating polar and apolar networks.
From a structural perspective, water has two contradictory effects on dynamic properties of [P 6,6,6,14 ] cationic and [BOB] anionic species. On the one hand, the introduction of water molecules into the [P 6, 6, 6, 14 ] [BOB] IL matrix will increase center-of-mass distances between [P 6,6,6,14 ] cations and [BOB] anions because of the dispersed distribution of water molecules between neighboring ionic groups. The disruption of ion pair structures weakens electrostatic and hydrogen-bonding interactions between neighboring ionic groups, as well as the corresponding caging effect, leading to an improved translational diffusion of three species. On the other hand, water molecules will form a hydrogen bond network with neighboring ionic groups, which in turn will slow down translational diffusion of three species in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures. These two competitive effects contribute to the particular dynamic quantities of three species in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with different water mole fractions.
Reorientational Dynamics. In addition to translational diffusion, the reorientational dynamics of three species have been investigated by examining the reorientation of representative vectors êfixed in their respective molecular frameworks to address their local dynamical characteristics. 13, 25, 34, 61 In the present study, [P 6,6,6,14 ] cations and water molecules are depicted by the corresponding dipolar vectors, whereas the [BOB] anionic structure is described by a unit vector pointing from the central boron atom to the geometric center of one five-membered planar ring. These vectors represent the longest geometrical axes in the corresponding species and thus are expected to have the longest reorientational relaxation times. The reorientational autocorrelation functions, represented by the first-rank Legendre polynomial P 1 (t) = ⟨e(t)·e(0)⟩ and the second-rank Legendre polynomial P 2 (t) = 0.5{3⟨[e(t)·e(0)] 2 ⟩ − 1}, respectively, are adopted to characterize peculiar reorientational dynamics of three species. 13, 31, 34 The asymptotic decay of reorientational autocorrelation functions is approximated by a stretched exponential function P(t) = Ae −t/τ 0 , where A and τ 0 are related fitting parameters. 34 The accessible quantities are reorientational correlation times τ 1 and τ 2 , which can be estimated from the corresponding reorientational autocorrelation functions P 1 (t) and P 2 (t), respectively. Figure 6 presents reorientational autocorrelation function P 1 (t) of representative vectors fixed in three molecular frameworks. The second-rank Legendre polynomials P 2 (t) of three representative vectors exhibit features similar to those of the corresponding P 1 (t) polynomials and are thus not shown here. The decay of reorientational correlation functions of three species follows the order [P 6, 6, 6, 14 ] cations < [BOB] anions < water molecules as the water concentration increases in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures. In IL-rich mixtures, water molecules are preferentially coordinated to neighboring [P 6, 6, 6, 14 ] cations and [BOB] anions over the entire simulation time, leading to the constrained reorientations of all three species. As the water concentration gradually increases, the microscopic liquid organization progressively loosens and results in a local ionic environment characterized by solutemediated ion pairs, facilitating reorientations of [BOB] anions and water molecules, and even of voluminous [P 6,6,6,14 ] cations.
The reorientational correlation times τ 1 and τ 2 of three representative vectors are presented in panel a of Figure 7 as a function of the water concentration in [P 6, 6, 6, 14 ] [BOB] IL/ water mixtures. The reorientational correlation times of three species follow the order [P 6, 6, 6, 14 ] cations > [BOB] anions > water molecules as the water concentration increases, attributed
The Journal of Physical Chemistry B Article to the respective molecular sizes and molecular weights of three species. Additionally, all these reorientational correlation times, estimated from either the first-or the second-rank Legendre polynomials, decrease progressively in IL/water mixtures with water mole fractions of x water ≤ 0.80 and sharply in IL/water mixtures with water mole fractions of x water > 0.80, respectively. This is expected, as highly mobile water molecules tend to increase mobilities of [P 6,6,6,14 ] cations and [BOB] anions due to their strong coordinations in all studied IL/water mixtures, and this is compatible with the increased translational diffusion coefficients of three species shown in previous subsection.
Concerning the reorientational anisotropy of three representative vectors, the ratio of τ 1 over τ 2 is calculated and presented in panel b of Figure 7 . The value of τ 1 /τ 2 is expected to be 3 for completely isotropic reorientations of representative vectors, and much smaller than 3 for vector reorientations restricted in a cone or a planar surface. 39, 62 It is shown that all values of τ 1 /τ 2 are quite close to 3 for [P 6, 6, 6, 14 However, the computational results of τ 1 /τ 2 for water molecules exhibit a pronounced dependence on the water concentration in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures. In IL-rich mixtures, water molecules are dispersed and coordinated to neighboring [P 6, 6, 6, 14 ] cations and [BOB] anions through distinct cation−water−anion complexes. On the one hand, oxygen atoms in water molecules are constrained to hydrogen atoms (labeled as HP atoms) in methylene groups that are directly connected to central phosphorus atoms in [P 6, 6, 6, 14 ] cations. On the other hand, hydrogen atoms (at least one in each water molecule) in water molecules are particularly concentrated along hydrophilic CO vectors fixed in the [BOB] anionic framework. Such restricted distribution and orientation of oxygen and hydrogen atoms lead to a constrained dipolar reorientation of water molecules on a cone surface. As the water concentration increases, dispersed water molecules tend to aggregate and form large water clusters, and thus reorientation of water dipolar vectors becomes less constricted. In water-concentrated mixtures, the values of τ 1 /τ 2 approach 3, indicating an isotropic reorientation of water molecules as the local microscopic water structures more and more resemble that in bulk liquid water.
■ SUMMARY AND CONCLUSION
In the present work, we have computationally investigated the effects of water concentration on volumetric quantities and dynamic properties of binary [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with appreciable atomistic detail. The volumetric quantities of [P 6,6,6,14 ] [BOB] IL/water mixtures, including liquid densities and excess molar volumes, have been discussed in detail. The liquid densities of [P 6,6,6,14 ] [BOB] IL/water mixtures exhibit a concave feature as the water concentration increases. The mixing of pure [P 6,6,6,14 ] [BOB] IL and pure water component illustrates a thermodynamic nonideality at different mixing ratios, as suggested from a convex character of excess molar volumes of [P 6,6,6,14 ] [BOB] IL/water mixtures, attributed to distinct intermolecular interactions between two pure components leading to varied microscopic molecular packing structures.
The dynamic properties of [P 6, 6, 6, 14 ] cations, [BOB] anions, and water molecules are particularly analyzed through velocity autocorrelation functions, diffusion coefficients, and reorienta- The Journal of Physical Chemistry B Article tional autocorrelation functions and correlation times. Distinct translational behavior of three species, and striking reorientational autocorrelation functions and correlation times of representative vectors fixed in three molecular frameworks are observed in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with different water concentrations. Molecular mobilities of three species become faster as the water concentration increases in [P 6, 6, 6, 14 ] [BOB] IL/water mixtures. The dependence of diffusion coefficients of three species on the water concentration presents complex characteristics and three distinct microscopic diffusion features are identified within the whole water concentration range.
The remarkable volumetric quantities and particular dynamic properties of [P 6,6,6,14 ] [BOB] IL/water mixtures are well correlated to distinct microscopic liquid structural organization and the local ionic environment of [P 6, 6, 6, 14 ] [BOB] IL/water mixtures, as discussed in the first part of this work. 54 Both structural and dynamical heterogeneities of [P 6, 6, 6, 14 
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